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ABSTRACT 

The e f f o r t  of t h i s  program is d i r e c t e d  toward t h e  development of t h e  e l a s t i c  

recovery concept and i t s  app l i ca t ion  t o  expandable space s t r u c t u r e s .  Elast ic  

recovery i s  a mechanism whereby a packaged s t r u c t u r e  expands t o  i ts  o r i g i n a l  

f u l l  s i z e  through t h e  use of t h e  energy stored dur ing  i t s  packaging. 

types of s t r u c t u r e s  t o  be inves t iga t ed  include manned space s t a t i o n s  and 

s h e l t e r s ,  cryogenic s t o r a g e  tanks,  s o l a r  c o l l e c t o r s ,  and antennas.  

The 

This r e p o r t  summarizes t h e  e f f o r t  d i r e c t e d  toward determining t h e  a p p l i c a b l e  

materials, methods of s t r u c t u r a l  ana lys i s ,  and methods f o r  comparing d i f f e r e n t  

w a l l  concepts.  The methods t o  be used f o r  eva lua t ing  t h e  e f f e c t  of micro- 

meteoroid and space r a d i a t i o n  f o r  t h e  f l e x i b l e  materials are also discussed.  
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I, INTRODUCTION 

The purpose of t h i s  program i s  t o  provide NASA Headquarters with information 

on the use  of t he  e l a s t i c  energy concept f o r  expandable space s t r u c t u r e s .  

This  program w i l l  determine the  a r e a s  of a p p l i c a b i l i t y  of expandable 

s t r u c t u r e s  by de f in ing  the  load and environmental cond i t ions  f o r  v a r i o u s  

types of s t r u c t u r e s .  

f o r  such s t r u c t u r e s ,  t h e  types t o  be s tud ied  w i l l  include manned space 

s t a t i o n s  and lunar  s h e l t e r s ,  cryogenic s t o r a g e  tanks (both space and 

p l ane ta ry ) ,  s o l a r  concentrators ,  and communication antennas.  

Since t h i s  program w i l l  o u t l i n e  t h e  a r e a s  of u s a b i l i t y  

The e l a s t i c  energy concept i s  one by which a f l e x i b l e  s t r u c t u r e  may be e rec t ed  

i n  space. The energy f o r  e rec t ion  i s  s t o r e d  w i t h i n  t h e  compressed s t r u c t u r e ,  

Bas i ca l ly ,  t h i s  concept c o n s i s t s  of sandwich-type wa l l s  constructed with a 

compressible co re  between two or  more f l e x i b l e  f ac ings .  The s t r u c t u r e  i s  

packaged by a combination of folding and compressing t h e  core.  Upon r e l e a s e  

from the  package, the s to red  p o t e n t i a l  energy i s  s u f f i c i e n t  t o  erect and 

r i g i d i z e  the  s t r u c t u r e .  Model s t u d i e s  of t h i s  concept were shown i n  

Quar t e r ly  Progress  Report No. 1. 

Th i s  s tudy w i l l  determine the  f e a s i b i l i t y  of employing the e l a s t i c  energy 

concept i n  space. The main program study a r e a s  include the  following: 

1. Type of loadings t o  be expected 

2. I n v e s t i g a t i o n  of mater ia l  s u i t a b l e  f o r  f ac ings  and co re  

3 ,  Development of parameters t o  s tudy the  e f f i c i e n c y  of e l a s t i c  

recovery s t r u c t u r e s  

4 .  Comparison of va r ious  concepts of space s t r u c t u r e s  f o r  d i f f e r e n t  

end uses  

5 .  Determination of a r e a s  of a p p l i c a b i l i t y  f o r  t he  e l a s t i c  energy 

concept 

The f i r s t  a r e a  of study w a s  completed and presented i n  Quar t e r ly  Progress  

Report No. 1. During t h e  pas t  quarter ,  t he  g r e a t e r  po r t ion  of t h e  e f f o r t  w a s  

expended on the  second and t h i r d  areas of study. The r e s u l t s  of t h i s  work 

are  discussed i n  d e t a i l  i n  t h e  following s e c t i o n s  of t h i s  r e p o r t .  

1 



11, MATERIAL INVESTIGATIONS 

During t h e  p a s t  quar te r ,  e f f o r t  was d i r e c t e d  toward the  determinat ion of 

ma te r i a l s  app l i cab le  t o  the  e l a s t i c  recovery concept f o r  expandable 

s t r u c t u r e s .  The d i f f e r e n t  c l a s ses  of m a t e r i a l s  (discussed i n  Q u a r t e r l y  

Progress  Report No. 1) included f i lms ,  laminates ,  and co re  types.  The 

f i r s t  genera l  requirement f o r  the m a t e r i a l s  was f l e x i b i l i t y ,  which was 

s a t i s f i e d  e i t h e r  by f o l d a b i l i t y  o r  by compress ib i l i ty .  

materials investLgated was purposely kept  wide so  t h a t  a complete range 

of s t r eng th  c h a r a c t e r i s t i c s  could be compiled. For the  f u t u r e  phases of 

work, only se l ec t ed  m a t e r i a l s  w i l l  be used. 

The range of 

A l i t e r a t u r e  survey was undertaken t o  ga ther  da ta  on the  d i f f e r e n t  types 

of m a t e r i a l s ,  

sources  of information on f i l m  p rope r t i e s .  (Data on var ious  f i lms  a r e  

g iven  on Table I.) However, there  was l i t t l e  information a v a i l a b l e  on 

laminates  made wi th  f l e x i b l e  r e s i n s  and synthenic  c l o t h s ;  a n  eva lua t ion  

f o r  s eve ra l  combinations of f l e x i b l e  r e s i n s  and reinforcements  was t h e r e f o r e  

i n i t i a t e d .  

The Modern P l a s t i c s  Encyclopedia'') was one of the  major 

The eva lua t ion  of t h e  d i f f e r e n t  laminate  combinations was accomplished by 

making 12-in. square panels.  The var ious  combinations of r e s i n s  and 

reinforcements  used i n  the  laminates a long wi th  the  cu re  process  and tes t  

r e s u l t s  a r e  i i s t e d  i n  'T'abie ii. The i a s t  two iaminate  combinacions i i s t e d  

w e r e  n o t  tes ted ,  a s  f a b r i c a t i o n  d i f f i c u l t i e s  occurred and a good q u a l i t y  

laminate  could n o t  be made, Since i t  was beyond the  scope of t h i s  program 

t o  develop process  techniques for  laminates,  t h e  r e s u l t s  probably r ep resen t  

va lues  from non-optimum processing f o r  each panel .  The r e l a t i v e l y  high 

r e s i n  conten t  s u b s t a n t i a t e s  the f a c t  t h a t  t he  laminates  were not  of high- 

s t r e n g t h  qua l i t y .  I t  should be noted, however, t h a t  a laminate  with high 

I 

r e s i n  content  may have a higher degree of f l e x i b i l i t y  than a typ ica l  l o w  I 

r e s i n  conten t  larninate. 

2 
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The completed laminates were machined i n t o  t e n s i l e  specimens and t e s t e d  a t  

room temperature.  The t e n s i l e  t e s t s  were conducted by us ing  Method 1011, 

Fede ra l  Test Methods Standard No. 406, " P l a s t i c s :  Methods of Testing, ' '  

This  tes t  w a s  chosen s i n c e  t h e  t e n s i l e  s t r e n g t h  i s  of primary i n t e r e s t  i n  

t h e  expandable s t r u c t u r e .  

be used i n  t h e  s t i f f n e s s  s tud ie s .  It w a s  assumed t h a t  t h e  compressive 

modulus of e las t ic i ty  w i l l  c lose ly  match that  of t h e  t e n s i l e  modulus. 

The t e n s i l e  modulus w a s  a l s o  determined and w i l l  

The r e s u l t s  of t hese  t e s t s  (summarized i n  Table 11) show t h a t  t h e r e  i s  an  

extreme range of va lues  f o r  d i f f e r e n t  combinations of ma te r i a l s .  Again, 

t h e  range of t he  s t r e n g t h s  shown may be a t t r i b u t a b l e  t o  the  processing of 

t h e  laminate. Table 11 a l s o  gives t h e  s p e c i f i c  g r a v i t y  and r e s i n  conten t  

f o r  t h e  laminates t e s t e d .  The s p e c i f i c  g r a v i t y  and percent  r e s i n  f o r  t h e  

g l a s s  f a b r i c  laminates were obtained by us ing  Federa l  Test Methods Standard 

No. 406, Methods 5012 and 7061 r e spec t ive ly .  The r e s i n  percentage f o r  

F o r t i s a n  c l o t h  laminates  was approximately obta ined  by determining t h e  

weight i nc rease  of t h e  c l o t h  due t o  t h e  r e s i n  impregnation. 

Some d i f f i c u l t i e s  were incur red  i n  t h e  process ing  of laminates, p a r t i c u l a r l y  

wi th  t h e  f l e x i b l e  RTV s i l i c o n e  and polyvinyldene c h l o r i d e  r e s i n s .  

of RTV s i l i c o n e  as a laminating r e s i n  was doubt fu l ,  but t h e  inherent  

f l e x i b i l i t y  of t h e  material made it  seem a t t r a c t i v e  as a material f o r  t h e  

elastic recovery concept, 

forcement as a t y p i c a l  resin; instead,  t h e  r e s u l t i n g  laminate  cons i s t ed  of 

d i s t i n c t  l aye r s  of reinforcement and r e s i n  matrix. 
t o  t h e  f l e x i b i l i t y  of t h e  mater ia l ,  but  a l s o  made t e s t i n g  imposeible since 
t h e  t ea t  specimen8 could not  be gripped s a t i s f a c t o r i l y .  

specimen f a i l e d  by interlaminar shear  i n  t h e  g r i p  area. 

w i t h  t h e  s i l i c o n e  rubber and re inforced  wi th  F o r t i s a n  c l o t h  d i d  no t  have 

any s t r eng th .  I t  was subsequently discovered t h a t  t h e  pos tcure  had degraded 

t h e  reinforcement .  This i s  i n d i c a t i v e  of one of t h e  problem a r e a s  which 

may be encountered i n  f u t u r e  work on expandable s t r u c t u r a l  ma te r i a l s ;  i . e . ,  

t h e  need f o r  adequate s u r f a c e  t h e r m a l  c o n t r o l  f o r  most organic  m a t e r i a l s  i n  

o rde r  t o  keep the temperature s u f f i c i e n t l y  low. 

The use  

This ma te r i a l  d id  not  impregnate t h e  r e in -  

This no doubt con t r ibu ted  

The g l a s s  c l o t h  

The laminate made 

5 



The laminates which were t o  be made with the  polyvinyldene c h l o r i d e  r e s i n  

could n o t  be processed although s e v e r a l  a t tempts  were made with d i f f e r e n t  

process parameters. However, t h i s  m a t e r i a l  a l s o  seemed promising a s  a n  

expandable s t r u c t u r e  m a t e r i a l  s ince  t h e  r e s i n  has  good s t r e n g t h  a s  a f i lm .  

The r e s u l t s  of t h i s  laminate t e s t  program i n d i c a t e  s e v e r a l  gene ra l  t rends:  

1. 

2.  

3.  

4. 

The use of f l e x i b l e  r e s i n s  does n o t  make a f l e x i b l e  laminate ,  

While a l l  t h e  laminates were more f l e x i b l e  than t h e  usua l  r e i n -  

forced p l a s t i c  laminates, they were appa ren t ly  lacking t h e  

f l e x i b i l i t y  r equ i r ed  fo r  an expandable s t r u c t u r e .  These m a t e r i a l s  

did,  however, have the h ighe r  modulus r equ i r ed  f o r  s t i f f n e s s  than 

nonreinforced f i l m  m a t e r i a l s ,  

These m a t e r i a l s  were not made with laminate op t imiza t ion  i n  mind, 
s i n c e  t h i s  would have been beyond the  scope of t h i s  f e a s i b i l i t y  

study. 

The s t r e n g t h  ranged from va lues  approximately t h e  same a s  f i lms  

and rubber-coated f a b r i c s  up t o  the t y p i c a l  s t r e n g t h  of s t r u c t u r a l  

laminates,  

The e f f e c t  of cryogenic temperature upon t h e s e  laminates is n o t  

known a t  t h i s  time. Previous experience,  however, indicatrrr  t h a t  

t h e  s t r e n g t h  of g l a s s - r e in fo rced  laminates g e n e r a l l y  increares 
appreciably a s  t h e  temperature decreases,  wh i l e  t he  modulus 

e x h i b i t s  a s l i g h t  increase.  

An i n v e s t i g a t i o n  was made i n t o  the types of f l e x i b l e  and compressible co res  

which would be a p p l i c a b l e  t o  the e l a s t i c  recovery concept,  

t h e  f a b r i c a t i o n  of co re  samples from d i f f e r e n t  m a t e r i a l s  t o  determine t h e i r  

degrees of f l e x i b i l i t y  and s t r eng th ,  

m a t e r i a l s  such a s  foams and compressible ce l l s .  

core,  which compresses i n  one d i r e c t i o n ,  i s  one which i s  f a b r i c a t e d  with 

f l a t  s t r i p s ,  then expanded t o  f o r m  the  c e l l  s i z e .  

The work included 

The compressible co res  inc lude  

An example of t h e  c e l l u l a r  

The foam m a t e r i a l s  a r e ,  

6 



of course, compressible in all directions. In general, the shear strength 

and modulus of the compressible cores range from a few hundred to the 

order of a thousand pounds per square inch. Examples of such cores are 

listed in Table 111. The strengths for lightweight paper cores and fiber 

glass-reinforced plastics are also given in Table 111. 

paper core may have an application for expar?dzhl~_ structures provldi f ig "ne 

space environment does not degrade the materials. 

The lightweight 

For supplemental information, Narmco made and evaluated semirigid cores 

by using flexible materials. The materials included Fortisan-reinforced 

polyvinyl chloride and different types of rubbers. The samples of these 

cores are shown in Figures 1 and 2. These cores were made with the 
Multiwave pattern f o r  ease of fabrication. 

tested for core shear modulus and flatwise compression. The results of 

these tests are also shown inTable 111. It should be noted that the 

weight of these developmental cores are on an order of magnitude higher 

than the lightweight honeycomb and foam cores. 

The pieces were subsequently 

One of the most interesting developmental cores was one made with 1/64-in. 

thick neoprene rubber. This semirigid core was not only compressible 

but was flexible enough to be folded upon itself, The sample of this core 

is shown in both the normal and folded position in Figure 3 ,  The core 

shear modulus and compressive strength of this sample as shown in Table I11 

appeared to be extremely l o w  for the weight, 

The results of this limited evaluation of core materials indicate the low 
core properties tests and the high relative density of the materials may 
rule out this type of core material. However, the strength characteristics 

of core materials can be improved not only by using different materials 

but also by different core cell geometry. A different cell geometry would 

allow for better utilization of the low-modulus material and still have 

the necessary compressibility for an expandable structure. An evaluation 

of core geometry for application t o  expandable structures is being continued. 

The survey of materials and the limited test program were necessary in order 

to find strength characteristics, which will be applicable t o  the other 

areas of study in the program. 

7 
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Figure  1. Experimental Semir igid Core 
of Polyvinyl Chlor ide Rein- 
forced wi th  F o r t i s a n  Clo th  

F igure  2 .  Experimental Natura l  Rubber 
Semirigid Core 
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3 

Normal Expanded P o s i t i o n  

Folded Pos i t ion  

Figure 3 .  Experimental F lex ib le  Neoprene 
Core Material 
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111. WALL CONCEPTS 

The a p p l i c a t i o n  of t h e  e l a s t i c  recovery concept t o  expandable s t r u c t u r e s  

i s  dependent upon t h e  design of t h e  composite wal l .  The end use, o r  

app l i ca t ion ,o f  t he  expandable s t r u c t u r e  w i l l  e s s e n t i a l l y  determine t h e  

type of composite required.  For example, t h e  expandable s t r u c t u r e  

subjected to i n t e r n a l  pressure loads w i l l  have t e n s i l e  stress induced i n  

the  composite wal l .  

e x t e r n a l  p re s su re  o r  impact loads w i l l  have t o  be designed with the  

s t a b i l i t y  c r i t e r i a  i n  mind. The load conditions, then,have a l a r g e  bea r ing  

on the  type of wa l l  concept which may apply t o  expandable s t r u c t u r e s ,  

The requirement f o r  s to rage  of energy f o r  expansion of t h e  s t r u c t u r e  i s  a l s o  

of prime importance. Other equal ly  important requirements include pro- 

t e c t i o n  from r a d i a t i o n  and micrometeoroids, 

On the  other  hand, t he  s t r u c t u r e  subjected t o  e i t h e r  

The d i f f e r e n t  types of w a l l  concepts were determined by assuming t h e  

d i f f e r e n t  loading requirements. The s imples t  concept (A i n  F igu re  4) 
c o n s i s t s  of a primary load-carrying inne r  facing,  compressible c o r e  

material f o r  micrometeoroid o r  r a d i a t i o n  p ro tec t ion ,  and a s u r f a c e  f i l m  

f o r  t h e  thermal con t ro l .  Since t h i s  wa l l  concept uses  only t h e  inner  

f a c i n g  f o r  t he  s t r u c t u r a l  portion, t h e  intended use  would be f o r  t e n s i l e  

a p p l i c a t i o n s ,  

m a t e r i a l  has such a low c o r e  shear modulus and compressive modulus t h a t  

i t  is n o t  capable of t r a n s f e r r i n g  load t o  o t h e r  f a c i n g s  i n  the  composite, 

Th i s  f a c t  was based upon the  assumption t h a t  t he  co re  

The second wa l l  concept f o r  the e l a s t i c  energy concept was a modif icat ion 

of Concept A. This  concept (B i n  F igu re  4), has a d d i t i o n a l  l a y e r s  of 

m a t e r i a l  w i t h i n  the  co re  ma te r i a l .  I t  was assumed t h a t  a n  a d d i t i o n a l  

m a t e r i a l  would be required t o  provide more p r o t e c t i o n  from t h e  space 

environment. 

and would be nons t ruc tu ra l ,  s ince the  weak core would al low no load 

t r a n s f e r r a l  t o  t he  l aye r .  

The l a y e r  would c o n s i s t  of e i t h e r  impregnated o r  p l a i n  c lo th ,  

11 
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Figure 4 .  Wall Concepts f o r  Expandable Space Structures 

12  



The t h i r d  concept (C i n  Figure 4 )  would be used where a d d i t i o n a l  s t i f f n e s s  

i s  r equ i r ed  f o r  t he  wa l l  of the expandable s t r u c t u r e .  

s t i f f n e s s  would be r equ i r ed  to  prevent deformation of t h e  s t r u c t u r a l  w a l l ,  

The semir igid core  would be needed i n  t h i s  ca se  t o  s t i f f e n  and t r a n s f e r  t h e  

load from the  inner  f ac ing  t o  the second load-carrying f ace .  The p ropor t ion  

o f  t he  load t r a n s f e r r e d  t o  the  second f ac ing  would be  dependent upon t h e  

co re  shear p r o p e r t i e s  of t he  core; t h a t  i s ,  t he  h ighe r  t he  shear  modulus 

of the core,  t he  higher  the proportion of load t r a n s f e r r e d .  

For example, t h e  

The f o u r t h  concept (D i n  Figure 4 )  was a mod i f i ca t ion  of Concept C wherein 

a d d i t i o n a l  l a y e r s  of c l o t h  were included i n  t h e  composite. The purpose of 

t he  c l o t h  was again t o  improve the  p r o t e c t i o n  a g a i n s t  t he  space environment. 

As with Concept B, t he  c l o t h  would o r  would n o t  be  impregnated with a 

f l e x i b l e  r e s i n  i n  order  t o  achieve the maximum p r o t e c t i o n ,  

The four  main c l a s s e s  of wa l l  concepts w i l l  be used throughout t he  

remainder of t he  s tudy t o  determine which one w i l l  be  t h e  b e s t  wa l l  f o r  a 

p a r t i c u l a r  space s t r u c t u r e  app l i ca t ion .  As t h e  s tudy  progresses ,  modifica- 

t i o n s  w i l l  be made on the concepts t o  improve t h e i r  c h a r a c t e r i s t i c s ,  

These four  concepts,  however, w i l l  show t h e  range of p o s s i b i l i t i e s  f o r  t he  

a p p l i c a t i o n  of t he  e l a s t i c  recovery concept t o  expandable s t r u c t u r e s ,  

13 



I V .  STRENGTH PARAMETERS 

Fur the r  work on t h e  determination of t he  s t r e n g t h  parameters was accomplished 

during t h e  p a s t  period. Th i s  work included the determinat ion of t h e  load- 

ca r ry ing  c a p a b i l i t i e s  of t h e  e l a s t i c  recovery concept f o r  expandable 

s t r u c t u r e s .  The s t u d i e s  included i n v e s t i g a t i o n  of t h e  methods f o r  c a l c u l a t i n g  

LIIe BELAU LVCLUY of the s t r u c t u r e  wnen subjected t o  i n t e r n a l  o r  e x t e r n a l  

pressures ,  and impact loadings.  The f i r s t  of t h e  loading cond i t ions  s u b j e c t s  

t h e  space s t r u c t u r e  wa l l  t o  primary t e n s i l e  loads due t o  i n t e r n a l  p re s su r i za -  

t i o n ,  The i n t e r n a l  p re s su re  would r e s u l t  from e i t h e r  t h e  l i f e - suppor t ing  

environment wi th in  the  space s t r u c t u r e  o r  t he  s t o r a g e  of cryogenic f l u i d s ,  

depending upon t h e  space app l i ca t ion .  

*L - 7 - 2 -  -I - - 3 - 

On the  o the r  hand, compressive stresses would be introduced i n t o  t h e  space 

s t r u c t u r e  due t o  e x t e r n a l  pressure loads such a s  would be  encountered on a 

l una r  su r face .  I t  was planned t o  s tudy t h i s  loading c o n d i t i o n  i n  two phases: 

t h e  i n i t i a l  load p r i o r  t o  buckling, and t h e  secondary load c a r r i e d  by t h e  

s t r u c t u r e  i n  the postbuckling mode. The e f f e c t  of t h e  secondary o r  post-  

buckling load and a l s o  t h e  impact loads were func t ions  of t he  s t i f f n e s s  

c h a r a c t e r i s t i c  of t h e  wa l l ,  These loading requirements and t h e i r  e f f e c t  

upon t h e  wa l l  s t r u c t u r e  w i l l  be diecussed more f u l l y  i n  t h e  fol lowing 

sec t ione ,  

For determining t h e  tene i le  and compreseive loading i n  t h e  expandable space 
etructurep, t he  known theo r i ee  f o r  preoeure veseel ana lye ie  were ueed. 

Thare t h e o r i r e ,  however,had t o  be modified t o  include both the  sandwich w a l l  
concepts and t h e  unusual p rope r t i e s  of t h e  m a t e r i a l  a p p l i c a b l e  t o  the  

f l e x i b l e  expandable s t r u c t u r e s .  The determinat ion of t he  wa l l  stresses i s  

discussed i n  d e t a i l  i n  t h e  Appendix. 

c a r r i e d  i n  t h e  ou te r  s t r u c t u r a l  s k i n  was dependent upon t h e  e l a s t i c  

p r o p e r t i e s  of the co re  and facings when t h e  cy l inde r  was subjected t o  i n t e r -  

n a l  pressure.  

n e a r l y  equal  loads,  t he  composite approaches an i d e a l  sandwich cons t ruc t ion  

Th i s  a n a l y s i s  assumes t h a t  t h e  load 

A s  discussed i n  the Appendix, i f  t he  two f a c e s  c a r r i e d  

14 



However, f o r  co res  with l o w  shear p r o p e r t i e s ,  t he  inne r  f ac ing  c a r r i e d  

most t h e  load when subjected t o  i n t e r n a l  pressure.  

was a l i g h t - d e n s i t y  polyurethane foam m a t e r i a l ,  then t h e  inne r  f a c i n g  

would c a r r y  a l l  t he  load r e s u l t i n g  from i n t e r n a l  pressure.  The use of t h e  

low-modulus c o r e  m a t e r i a l s  would i n d i c a t e  t h a t  f o r  s t r u c t u r a l  considerat ions,  

only t h e  simple s i n g l e  p re s su re  wa l l  concept would be t h e  m o s t  e f f i c i e n t  

on t h e  b a s i s  of weight. 

a co re  would s t i l l  be r equ i r ed  t o  perform t h e  expansion from the  packaged 

condi t ion.  The c o r e  m a t e r i a l  a l s o  se rves  t h e  purpose of providing pro- 

t e c t i o n  from r a d i a t i o n  and micrometeoroid environment, 

Indeed, i f  t h e  co re  

For the e l a s t i c  recovery concept t o  be e f f e c t i v e ,  

The c a s e  of e x t e r n a l  p re s su re  a c t i n g  on t h e  space s t r u c t u r e  wa l l  was 

divided i n t o  two ca t egor i e s :  f i r s t ,  t he  prebuckling behavior;  and second, 

t h e  postbuckling cond i t ion ,  For t h e  f i r s t  case,  t he  s t r u c t u r e  would no t  

buckle and the  s t r e s e  func t ions  on the  wa l l  would be tha  same a s  f o r  i n t e r n a l  

preeeure,  with the  exception of t h e  oppos i t e  d i r e c t i o n  of pressure.  

wa l l  strese would be determined by the  same method a s  given i n  the  Appendix, 

The 

When t h e  e x t e r n a l  p re s su re  approaches t h e  c r i t i c a l  buckling pressure,  t h e  

a n a l y s i s  is f u r t h e r  complicated, a s  i s  the  c a s e  with a l l  s t a b i l i t y  problems, 

s i n c e  the  s t i f f n e s s  of the wa l l  d i c t a t e s  t h e  l e v e l  of c r i t i c a l  buckling 

load ,  The approach taken f o r  t h i s  program was i n i t i a l l y  separated i n t o  

two p a r t s .  

buckl ing theory f o r  s t r u c t u r a l  sandwich. 

was t o  s u b s t i t u t e  t h e  m a t e r i a l  values  and p l o t t i n g  curves.  

cu rves  were obtained f o r  s p e c i f i c  r a t i o s  of core modulus t o  core  shear  

modulus which would r e p r e s e n t  t h e  types of composi te  cons t ruc t ions  

a p p l i c a b l e  t o  t h e  e l a s t i c  recovery concept. 

The f i r s t  p a r t  assumed c l a s s i c a l  buckling theory and a l s o  

The method of using t h i s  a n a l y s i s  

The buckl ing 

The second approach assumed t h a t  t h e  s t r u c t u r e  would be capable of main- 

t a i n i n g  o r  i nc reas ing  t h e  load i n  t h e  postbuckled cond i t ion ,  This  work 

was s t a r t e d  on t h e  premise t h a t ,  due to  t h e  compressive c h a r a c t e r i s t i c s  

of t h e  f l e x i b l e  ma te r i a l s ,  t he  s t r u c t u r e  would n o t  c o l l a p s e  with an i n c r e a s e  

i n  load.  This s t u d y  a l s o  asslmed t h a t  the  ater rial had a l i n e s r  p c r t i o n  oz 

the load  deformation curve a s  shown i n  Figure 5. T h i s  curve r e p r e s e n t s  a 

t y p i c a l  load-deformation curve f o r  polyurethane foams. 
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Figure 5. Typical Load vs. Deformation Curve 

for Flexible Materials 

The results of this study indicated that solution of load capabilities of a 
structure in such a deformed state would require complex elastic energy and 

elastic. methods of solutions. Since such an analytical treatment could not 

be justified at this time, only the first approach utilizing existing methods 
of analysis will be used for the rest of the program. 

ment of an ultimate load theory for the expandable structure may be justified 
in the future, particularly for a structure in which deformation would be 

allowed; i. e . ,  a storage tank for cryogenic fluids in which the external 

loads exceed internal pressure. 

However, the develop- 

The studies on the effect of different loading conditions upon the different 
wall concepts for expandable structures are progressing, 
being made of the different walls for the elastic recovery concepts. The 
work remaining in the structural area of study includes effect of impact, 
such as a docking load on the space structure, heat transfer through the 

wall, and thermal deformation. 

with comparisons 
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V.  RADIATION SHIELDING 

The Narmco i n v e s t i g a t i o n  of expandable space s t r u c t u r e  concepts has  been 

centered on ma te r i a l s ,  micrometeoroid effects ,  and s t r u c t u r a l  cons ide ra t ions .  

Other primary concerns i n  f u t u r e  developmental a s p e c t s  w i l l  be s h i e l d i n g  

a g a i n s t  high-energy p a r t i c l e  r ad ia t ion ,  e lectromagnet ic  r a d i a t i o n ,  and the 
-"""-.----- serin-4 n t n A  ant-nnrlsri "---..-----" n e  whi ....__I. r-h wi ..--- 1 1  hp cncauntered i~  spar,^, =z~zirop-mpntg. 

Most of t he  p re sen t  r a d i a t i o n  s h i e l d i n g  approaches a r e  based upon r a d i a t i o n  

absorbing p r i n c i p l e s ;  however, some t h e o r e t i c a l  c o n s i d e r a t i o n  has  been 

given t o  magnetic and e l e c t r o s t a t i c  energy f i e l d  concepts.  The energy 

f i e l d  b a r r i e r  approach has  t h e  obvious advantage over absorber  approaches 

i n  mass r educ t ion  and l a r g e  weight reduct ion,  although t h e  concepts w i l l  

be cons ide rab le  more complex. 

Seve ra l  approaches have been considered, among which a r e  f e r r i t e - l o a d e d  

f l e x i b l e  m a t e r i a l s  magnet ical ly  e x c i t e d  t o  compose a sa tu ra t e$  b a r r i e r  I' 
of magnetic d ipo le s ,  and a coloumb s t o r a g e  e l e c t r o s t a t i c  secsndary rad 

b a r r i e r ,  

is t h e r e f o r e  d e s i r a b l e  t o  determine t h e  t e c h n i c a l  f e a s i b i l i t y  of t he  m 

promising concepts as app l i ed  to  expandable s t r u c t u r a l  materials by 

, !  

These concepts have also been considered i n  comporita form, 

k 

e v a l u a t i o n s  conducted under simulated cond i t ions ,  

The approach t o  energy f i e l d  sh i e ld ing  w i l l  employ some of t h e  methods 

developed by German p h y s i c i s t  T e r r e l l a  i n  1928, a t  Bru&he AEG, with h i s  

i n v e s t i g a t i o n s  i n t o  the  theo r i e s  of P ro fes so r  F r e d r i k  C a r l  St&-mer. 

Dr. Willard H. Bennett  of t h e  Naval Research Laboratory used experiments 

s imi la r  t o  those  i n i t i a l l y  conducted by T e r r e l l a  t o  show t h a t  t h e  d e f l e c t i o n  

and cap tu re  of p a r t i c l e s  i n  a magnetic f i e l d  formed r a d i a t i o n  b e l t s  about 

a model p l ane t .  

Later ,  

One method of determining the e f f e c t  of r a d i a t i o n  on t h e  d i f f e r e n t  wa l l  

c o n s t r u c t i o n s  would be t o  simulate the  r a d i a t i o n  l e v e l s  occurr ing i n  space. 

However, t h i s  method would not be  f e a s i b l e  f o r  a l i m i t e d  eva lua t ion .  

H e n c e j  sh i e ld ing  e v a l u a t i o n  facilities f o r  i n i t i a l  phase  t e s t i n g  will 
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employ only low-level radiation sources with sensitive monitoring equipment. 

Test samples will be evaluated in a reduced pressure chamber which will be 

5 ft in length and 2 ft in diameter. One end of the chamber contains a 

source port and the other end a monitor port, a test sample access port 

being located at the midpoint of the cylinder. The monitor system will 
cnrlslgy Qf wpa_rn_t_e senslt_ive d e t e c t i o n  systems to monitor part_m-cl_p_ 

and electromagnetic radiation, 

design phase. 
secondary characteristics of the current expandable materials and wall 

concepts. 
further development work, 

This monitor system is currently in the 

Preliminary tests will first evaluate the absorption and 

These data will be employed as a shielding reference for 
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V I .  METEOROID PROTECTION 

A. In t roduc t ion  

I n  Quar t e r ly  Progress  Report  No.1, a comprehensive summary was given on 

the requirements f o r  meteoroid p r o t e c t i o n  i n  space. The p e n e t r a t i o n  

formulas contained i n  t h i s  report ,  however, r e f e r r e d  t o  s i n g l e  s h e l l  

Eleta 1 lic ccns t ruc  t i m .  

I n  t h e  e l a s t i c  recovery concept, t h e  wa l l  design i s  a f l e x i b l e  c o r e  wi th  

a low modulus of e l a s t i c i t y  bonded t o  f a c i n g s  t h a t  a r e  f l e x i b l e  so t h a t  

t h e  s t r u c t u r e  may be packaged i n  a small space. 

t h a t  t h i s  composite cons t ruc t ion  i s  t h e  most e f f i c i e n t  (by weight) f o r  

meteoroid p r o t e c t i o n  (Refs. 2, 3, 4, 5 ) .  The r e fe rences  ind ica t ed  t h a t  

t he  hyperveloci ty  tests performed t o  d a t e  a r e  good, although the v e l o c i t i e s  

are somewhat below t h e  expected range of meteoroid v e l o c i t i e s ,  

t he  da t a  have been extrapolated f o r  h ighe r  speeds,  

Actual t e s t i n g  has  proved 

Therefore,  

As s t a t e d  be fo re  (Quarter ly  Report No, l ) ,  t he  only r e a l  way t o  eva lua te  

meteoroid eh ie ld ing  concepts I s  by experiment; i .e. ,  impact s h i e l d  specimens 

by t h e  size and speed of t h e  meteoroids expected f o r  t h e  p a r t i c u l a r  space 

miseion. 

The use  of meteoroid bumpers or m u l t i p l e  s h e e t s  separated by energy-absorbing 

c o r e s  f o r  micrometeoroid (2 .7  gm/cm’ densi ty ,  from Ref, 6) pro tec t ion ,  has  

been e s t a b l i s h e d  by Goodyear (Ref, 2) and NASA (Refs. 4, 7) .  These concepts 

have a l s o  proved themselves e f f e c t i v e  a g a i n s t  meteoroids of 7 .8  gm/cm3 

d e n s i t y  (which i s  an upper expected l i m i t  f o r  nea r -ea r th  missions) and a 

weight of 0.2 gm f i r e d  a t  about 20,000 f t /sec (Ref. 8 ) .  

For our p a r t i c u l a r  purpose i t  is  n o t  now f e a s i b l e  t o  perform these  types 

of experiments; t he re fo re ,  we must t h e o r e t i c a l l y  eva lua te  the  wa l l  concepts 

(as shown by Figure 4) which appear t o  be a p p l i c a b l e  t o  the e l a s t i c  recovery 

concept. 

F igu re  6 gives  Narmco’s approach t o  t hese  s t u d i e s  which a r e  now i n  progress.  

I n  order  t o  determine t h e  e f f e c t i v e n e s s  of these concepts, 
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Figure 6 .  Ana ly t i ca l  Model f o r  Micrometeoroid Resis tance 

Where 

E1---n = Modulus of e l a s t i c i t y  of t a r g e t  

F - Facing 

C - Core 

= Denelty of p r o j e c t i l e  
pP 
m = Mass of p r o j e c t i l e  
P 

= Denelty of t a r g e t  o r  bumper ( f i r s t  f ac ing )  

= Density of t a r g e t  o r  bumper ( f i r s t  core)  - Mass of p r o j e c t i l e  a f t e r  p e n e t r a t i o n  of f i r s t  f a c i n g  
P t 2  

% 
V, = I n i t i a l  v e l o c i t y  of meteoro id  

2,3, etc .  = Subsc r ip t s  t o  denote a d d i t i o n a l  l a y e r s  of f ac ings  o r  co res  
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The following theoretical-experimental penetration formulas have been 
devised in Refs. 4, 7, 9, 10: 

2/ 3 
P - 3.42 (3 (1) Refs. 4, 7, 11 

3967(ppV.C - b) 
(2) Ref. 9 P I  

pP *278(Et + 2.8 x 106)*78 

(3) Ref. 10 

Where the additional symbols and nomenclature include 

P Total penetration 

Ht = Target material latent heat of vaporization 

b = Momentum per unit area necessary to produce permanent deformation 

4, = Maximum length of projectile normal to point of impact 

c - Velocity of sound in the target 
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The purpose of t h e  s tudy i s  to  dev i se  an o v e r a l l  pene t r a t ion  formula 

f o r  t h e  sandwich design concepts. 

determine t h e  pene t r a t ion  depth. 

where one term accounts one for each l aye r .  The p e n e t r a t i o n  of t h e  

previous l aye r  i s  taken i n t o  account by jud ic ious  use  of assumptions 

and experimental  work given i n  t h e  l i t e r a t u r e .  

Two types of a t t a c k  a r e  proposed t o  

The f i r s t  uses  a summation formula 

Th i s  scheme may be 

$ 9  

demonstrated by the  use of Formula (1) and c = 

1 I/ 3 
P, = 3.42 ( p , ~ ) ~ ' ~  

+ 3.42 1% yV pp v ) ~ ' ~  [ 
P 

+ 1 - 1 1  - - - n l aye r s  

K,, = f a c t o r  t o  decrease  p r o j e c t i l e  d e n s i t y  
P 

= f a c t o r  t o  decrease  v e l o c i t y  
KV 

The second method determines an " e f f e c t i v e  wal l  p ro tec t ion"  parameter. 

This  method w i l l  a l low f o r  t he  comparison of d i f f e r e n t  wal l  concepts i n  

which t h e  pene t r a t ion  proper t ies  of t h e  t o t a l  composite wal l  w i l l  be 

known. The form of the equation would be s i m i l a r  t o  the  following: 

Pt = 3.42 ( p  
P e f f  
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Where 

= e f f e c t i v e  densi ty  of t h e  p r o j e c t i l e  
'Peff 

= o v e r a l l  e f f e c t i v e  modulus Eeff  

Th i s  method of a n a l y s i s  w i l l  allow f o r  t h e  determinat ion of t h e  meteoroid 

r e s i s t a n c e  of a composite cons t ruc t ion  by s u b s t i t u t i n g  d i f f e r e n t  m a t e r i a l  

p r o p e r t i e s  i n t o  t h e  series equation. I n  t h i s  manner, t h e  p r o t e c t i o n  

a f fo rded  by d i f f e r e n t  ma te r i a l  combinations w i l l  be known. Both methods 

w i l l  be i n v e s t i g a t e d  t o  ob ta in  t h e  most information concerning meteoroid 

p r o t e c t i o n  c h a r a c t e r i s t i c s  of the d i f f e r e n t  expandable s t r u c t u r e  concepts.  

The parametr ic  etudy w i l l  u t i l i z e  a r a t i o  which denotes the  weight over 

t h e  p e n e t r a t i o n  d i r t a n c e  f o r  d i f f e r e n t  concepts.  

lower va lue  would be the  bee t ,  

v e l o c i t i e s  w i l l  be choren and then t h e  weight r equ i r ed  t o  r e r i r t  penetra-  

t i o n  w i l l  be determined, 

t o  s p e c i f i c  miseion; i r e , ,  on eome nea r -ea r th  missionr  one type of concept 

might be b e s t  and on a luna r  baea another  concept would be t h e  most 

ueeful .  

The concept g i v i n g  the  

For t h e  purpose of th is  btudy, sevrral 

I n  t h i s  wayathe concepts could be evaluatod a s  

Another type of f a i l u r e  t h a t  is  important  i e  s p a l l a t i o n ,  which i e  

def ined i n  metals  a s  t he  f l ak ing  o f f  of t h e  inner  s u r f a c e  due t o  t h e  

r e v e r s a l  of t h e  compression wave, 

t h e  r e in fo rced  p l a s t i c  type of f a c i n g  m a t e r i a l s .  

t h e  inne r  s k i n  would be a delamination o r  even a rup tu re .  I t  i s  planned 

t o  check t h e  s i z e  of t h e  inner  stress p u l s e  by t h e  method given i n  Ref. 3. 

S p a l l a t i o n  i s  d i f f i c u l t  t o  f o r e s e e  i n  

The mode of f a i l u r e  f o r  

The minimum weight t o  prevent  t hese  t w o  types of f a i l u r e s  would c o n s t i t u t e  

t h e  optimum s t r u c t u r e  f o r  preventing meteoroid damage. 
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VII. CONCLUSIONS 

The s tudy has  progressed t o  the p o i n t  where the  d i f f e r e n t  wa l l  concepts  

can be evaluated f o r  t h e  loading cond i t ion  encountered f o r  s p e c i f i c  space 

app l i ca t ions ,  
space s t r u c t u r e  have been es tab l i shed  by adapt ing s tandard  a n a l y s i s  t o  

f l e x i b l e  ma te r i a l s .  Ma te r i a l  p rope r t i e s  f o r  f i lms ,  t y p i c a l  r e in fo rced  

f l e x i b l e  p l a s t i c s ,  and core  mater ia l s  have been obtained f o r  use  i n  the  

s t r u c t u r a l  ana lys i s .  

and r a d i a t i o n  upon t h e  e l a s t i c  recovery concept have been e s t ab l i shed .  

development of these  methods will be completed duripg the  next  per iod ,  

The methods f o r  eva lua t ing  the  d i f f e r e n t  loadings on t h e  

The methods f o r  eva lua t ing  the  e f f e c t  of micrometeoroid 

The 
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VIII. FUTURE WORK 

The following areas of work shall be accomplished during the next period: 

1. The comparison of the structural capabilities of the different wall 

concepts will be completed. 

2, The thermal resistance characteristics of the different wall 

concepts will be compared. 

3. The effect of low-level radiation upon the materials will be 

es tabliahed by testing. 

4 .  The micrometeoroid resistance of the elastic recovery concepts 

will be completed. 
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TENSION-COMPRESSION ANALYSIS FOR APPLICATION 
TO EXPANDABLE STRUCTURES 

INTRODUCTION 

The fol lowing s e c t i o n s  of th is  r epor t  p re sen t  t he  bas i c  a n a l y t i c a l  t o o l s  

requi red  to  make t h e  c a l c u l a t i o n s  of load d i s t r i b u t i o n  w i t h i n  sandwich 

c y l i n d e r s  due t o  i n t e r n a l  pressure  and t o  e s t a b l i s h  buckl ing loads f o r  t h e  

cond i t ion r  of e x t e r n a l  prerrrure and axial compression, 

The r g r c l f i c  wall conceptr evaluated f e l l  i n t o  two gene ra l  c l a r r i f i c a t i o n r  

f o r  expandable r t r u c t u r e r :  (1) hiah modulus core ,  and (2) low modulur core .  

The former would be cha rac t e r i zed  by a semir ig id  core  t h a t  d i r t r i b u t e r  

p r e r r u r e  loading f a i r l y  equal ly  between s k i n s  and r e r u l t s  i n  buckl ing of t h e  

sandwich as a u n i t  when loaded i n  cornpression. 

polyurethane foam o r  of some o ther  extremely low modulus material (Care 2), 

p r e s s u r e  loads a r e  c a r r i e d  e n t i r e l y  by a s i n g l e  fac ing .  

load is app l i ed  t o  t h e  second case  w a l l  concept,  buckl ing takes  t h e  form of 
i n d i v i d u a l  t h i n  s h e l l  f a i l u r e .  

I f  t h e  co re  c o n r i r t e d  of 

When a buckl ing 

Techniques presented  he re in  consider t h e  two types of sandwich d iscussed  

above, bu t  are prel iminary i n  nature s i n c e  an  exhaust ive t reatment  of t h e  

s u b j e c t  w a s  n o t  a t tempted a t  t h i s  t i m e .  

t o  more thoroughly eva lua te  such f a c t o r s  as the buckl ing c h a r a c t e r i s t i c s ,  

e f f e c t  of i n i t i a l  imperfect ions,  and f o l d a b i l i t y ,  these c h a r a c t e r i s t i c s  

w i l l  be  evaluated both on an  ind iv idua l  basis and on the  i n t e r a c t i o n  

in f luence  of each o the r .  

As f u t u r e  s t u d i e s  w i l l  be requi red  
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PART I - INTERNAL PRESSURIZATION OF PRESSURE VESSELS 

I n  any m u l t i p l e  skin-core s t r u c t u r e  subjected t o  an i n t e r n a l  pressure,  t h e  

e f f e c t i v e n e s s  of each s k i n  i n  r e s i s t i n g  load i s  a f u n c t i o n  of co re  s t i f f n e s s  

as w e l l  as s k i n  modulus. 

I t  was assumed that  t h i s  a n a l y s i s  would b e  a p p l i c a b l e  for external presst lr~  

on t h e  sandwich s t r u c t u r e ,  providing t h e  load was below t h e  c r i t i c a l  

buckling pres s u r  e. 

A. Sing le  Layer Sandwich S t ruc tu re  

Figure 7 i s  a schematic drawing of a s i n g l e  l aye r  sandwich cy l inde r  showing 

t h e  r e t q t t o n s h i p  of the  f a c i n g  and co re  geometries. 

The nomenclature used i n  t h e  following a n a l y s i s  i s  given below: 

d - T o t a l  sandwich wall t h i ckness  

E - Elascic modulus f o r  f ac ings  of equal t h i ckness  

E1,E2 ct E l a s t i c  modulus of the i n d i v i d u a l  f ac ings  

., 'Conipressive modulus of t h e  co re  

fL , f2*k3  - Stresses i n  t h e  individual  f ac ings  
E, 

Average s t r e s s  i n  facings 

Distance between facing c e n t r o i d s  f o r  sandwich cons t ruc t ions  

P ropor t iona l i t y  c o e f f i c i e n t s  

App 1 i ed  pres  s u r  e 

C r  i t  i c a  1 pres s u r  e 

Mean r ad ius  of sandwich cy l inde r  

Facing thickness  fo r  symmetrical sandwich ( t  -- t i  = 

Inner and ou te r  €acing th i ckness  f o r  s t r u c t u r a l  sandwich 

c: 0 1 1  B t r uc t ion s 

t t2' t3 - Facing t h i ckness  for  niul t i layer  composite cons t ruc t ions  

1 - I,erlg~h oi: c y l i n d e r  
14 

C - Core thickness  
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ti (Modulus El) f -  
Core o f  Modulus E 

(Modulus E*) 

€2 

i’ 
Figure 7 .  Sandwich Notation 

From etatic equilibrium conditione, 
KlPR 

f l  - - 
tl 

K PR 
f2 = 2 

PR = KIPR + K2PR 

Where: K1 & K are proportionality 2 
coefficients 
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S t r a i n  c o n t i n u i t y  i n  t h e  r a d i a l  direct ion" is expressed as follows: 

+ -  1 + -  1 -It2 (- 

K2Ph K2PR 2 KIPR 
- - - = -  
tlEl t2E2 EC 

1 1 

K. PRL K - P R ~  K, Ph 
1 L L - - - = -  
tlEl t2E2 EC 

( 1 - K  \h 2 ( I - K - ) R  2 
"1' -- 

E 
Kp. "1 

t4E1 t2E2 EC 

- -  

1 Solving f o r  K 

KlB2 Klh R2 + -  + - I - + -  7- 

tlEl taE2 EC t2E2 

R2 + -  R2 h 

R2 

The rtrers in  each facing can be written ae: 

- pR(t2E2h + R2E,) -. 
f l  - h'  

* The growth of t h e  o u t e r  shell minus t h e  growth of t h e  inher s h e l l  i e  
equal t o  t h e  deformation of the  co re .  
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P B3 - 
f 2  - t l t 2E1  v(L + 2) + t] 

lE 1 t2E2 

This  r e l a t i o n s h i p  was p l o t t e d  i n  Figure 8 f o r  t h e  f u l l  range of cons t ruc t ions ,  

inc luding  t h a t  f o r  convent ional  s t r u c t u r a l  sandwich. 

For t h e  genera l  case,  t he  r a t i o  of t h e  f a c i n g  s t r e s s e s  had t o  be used. 

f 2  R ~ E ~ E ~  

2 
- a  

fl tiE1E2h + R EIEc 

The stress r a t i o  reduces t h e  following: 

This  equat ion is p l o t t e d  i n  Figure 9 f o r  t h e  range of sandwich cons t ruc t ions .  

The average s t r e s s  for t h e  sandwich cons t ruc t ion  can be found by combining 

t h e  ind iv idua l  f ac ing  s t r e s s e s .  The s t r e s s  i s  shown as: 

PR (t2E2h.+1Ryc) + 

tlt2E1E2 R - + =)+ fav - 
tlEl 

PR3 (Ec + E2) + PRt2E2h 
3 2 t l t 2 E  E2h 2 R t 2 E 2  + R t l E l  + 

EC 

2 f  av R2Ec(Ec + E2)  + t 2E2Ec  h ~ 

2 2 
- a  

R t2E2Ec  + R t lEIEc  + tlt2ELE2h PR 
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For t h e  s p e c i a l  case  of equal skin th icknesses  and the  same ma te r i a l ,  t h e  

cons t an t s  were r e w r i t t e n  as: 

2 tEh + R E- 
2 c 

E - t E  tEh + R E-  
C = C =-  

K1 2R2Ec + htE 2R2Ec + htE 

EctE 

R ~ E ~  

K2 = 2 2R Ec + htE 

The f a c i n g  s t r e s s e s  were s impl i f ied  t o  the  fol lowing 

PR (tEh + R2Ec) 

t [ 2R2Ec + htE) f1 

3 PR E, PR 
¶ f = -  f 2  - t[ 2R2Ec + htE) av 2 t  

The r a t i o  of t h e  ou te r  f ac ing  s t r e s s  t o  t h e  average s t r e s s  

was found t o  be 
( f a "  = PR/2t) 

f 2  
- I  

av f 

m 

= 

2R2Ec 

tEh + 2R2Ec 
2K2 m 

K1 + K2 

2 tEh 

2 
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B. Mult i layer  Sandwich S t ruc tu re  

For t h i s  s ec t ion ,  a composite was assumed t o  c o n s i s t  of t h r e e  f ac ings  

( t l , t 2 ,  and t3) and separated by two c o r e  spacings.  

L Ec 
P 

By w r i t i n g  t h e  b a s i c  equat ions of s t r a i n  c o n t i n u i t y  t h e  d i s t r i b u t i o n  of 

stress between skins is obtained as follows: 

2 
K~PB' K ~ P R  K2Ph - - -  a -  

5% t2E2 EC 

2 
K3PR K3Ph ' 

t2E2 t3E3 E= I 

2 K2PR 
- - - = -  

K 1 + # 2 + K 3  - 1 

%R2 (1 - K1 - K2) R2 (1 - K1 - K2) h'  
(2) and (3) - - I 

t2E2 t3E3 

-.I-+- K ~ R '  R2 KlR2 + - = -  K2R2 hi I-..- Klh' K2h 
t2E2 t3E3 t3% t3E3 Ec' Ec' 

(3) 

(4) 
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K ~ R ~  R2 K2R2 
(4) and (1) - - - + + -  

t2E2 t3E3 t3E3 t3E3 

c 

I 

1 

122 (h/Ec + R 2 /t2E2)R 2 R2 ( W E ,  + R2/t2E2)(tlElh1/R2) 
+ + -  + 

1 
t3E3 t3E3 

R2 R2 h '  + - + - + -  
t2E2 t3E3 

S imi l a r ly ,  K3 and K1 can be solved, bu t  due t o  t h e  complexity of t h e  eo lu t ions  

t h e  work w i l l  be poetponed u n t i l  needed. 

C.  Comments on S t r cee  Curvee 

For t h e  caee of a sandwich wi th  two equal  sk ins ,  f2/f, 
s t i f f n e e e  parameter. Here, t h e  c lose r  t h e  s t r e s s  r a t i o  i e  t o  one, t h e  more 

e f f i c i e n t  t h e  sandwich. Because of t h e  low core  modulus of polyurethane foam, 

a more e f f i c i e n t  s t r e s s  d i s t r i b u t i o n  is obtained when a r e l a t i v e l y  low modulus 

m a t e r i a l  is used a s  the  f a c i n g  mater ia l .  

i e  p l o t t e d  vereus  a 

With the  s t r e s s  r a t i o  equal  t o  one, 
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t he  two sk ins  would t h e o r e t i c a l l y  f a i l  a t  t he  same i n t e r n a l  pressure ,  cor re-  

sponding t o  t h e  material s t r eng th .  

The genera l  ca se  of a pressur ized  sandwich wi th  d i f f e r i n g  f a c e  m a t e r i a l s  and 

th icknesses  is t r e a t e d  somewhat d i f f e r e n t l y .  I n  t h i s  case,  f * / f l  i s  p l o t t e d  

as a family of curves of varying stiffness para_mec;er x ~ e ~ s i ~ g  a g ~ _ r ~ c d  s + , i f f ~ e g s  

parameter.  

m a t e r i a l  s t r eng ths ,  t h e  more e f f i c i e n t  t h e  sandwich. With t h e  s t r e s s  r a t i o  

equa l  t o  t h e  s t r e n g t h  r a t i o , f a i l u r e  of both s k i n s  would t h e o r e t i c a l l y  occur 

s imultaneously.  As previously mentioned, r e l a t i v e l y  low modulus f a c i n g  mate- 

rials a r e  requi red  f o r  an  e f f i c i e n t  polyurethane expandable sandwich. 

Here, t h e  c l o s e r  t h e  s t r e s s  r a t i o  i s  t o  the  r a t i o  of t he  r e s p e c t i v e  

It should be aga in  noted t h a t  t he  s t r e s s  func t ions  presented  hold t r u e  f o r  an  

e x t e r n a l  p re s su re  loading up to  i n i t i a l  buckl ing as w e l l  a8 f o r  an i n t e r n a l  

preeeure  loading. 

PART I1 - CYLINDER BUCKLING; EXTERNAL PRESSURE 

Some work on the  buckl ing problem of e x t e r n a l l y  p re s su r i zed  sandwich c y l i n d e r s  

hae been done by t h e  Fores t  Products Laboratory.* 

equat ion6 ware barad esoentially upon t h e  theory  presented  i n  t h e  t h r e e  

r e p o r t 6  re ferenced  below. 

i s o t r o p i c  f ac ings  and o r t h o t r o p i c  o r  i s o t r o p i c  cores .  

o r t h o t r o p i c  co re r  are axial ,  t angen t i a l ,  and r a d i a l .  

The included curves and 

The sandwich c y l i n d e r s  were assumed t o  have 

The n a t u r a l  axes of t h e  

* 1844A Supplement t o  Analyr is  of Long Cylinders  of Sandwich Construct ion 
Under Uniform Externa l  La te ra l  Pressure  

1844B Buckling of Sandwich Cylinders Under Uniform Externa l  L a t e r a l  
P r  e6 s u r  e 

1869 Design Curves f o r  t h e  Buckling of Sandwich Cylinders  of F i n i t e  
Length under Uniform External  L a t e r a l  Pressure  



The curves (Figures  10 and 11) present  s p e c i f i c  s o l u t i o n s  t o  t h e  buckl ing  

equat ions which by no means cover t h e  range of geometries and materials t h a t  

can be considered f o r  expandable s t r u c t u r e s ,  bu t  do provide des ign  information 

t h a t  is  va luab le ,  

f i n i t e  modulus are excess ive ly  complex and a family of curves i s  r equ i r ed  f o r  

each s p e c i f i c  r a t i o  of Ec/%e and E,/%. 

(with t h e  except ion of very  low dens i ty  foams, which a r e  important  from t h e  

Unfortunately,  s o l u t i o n s  f o r  a sandwich co re  posses s ing  a 

Actua l ly ,  f o r  most c o r e  materials 

s t andpo in t  of expandables) E, i s  s u f f i c i e n t l y  l a r g e  so t h a t  t h e  assumption of 

i n f i n i t e  E, y i e l d s  va lues  of t he  c r i t i c a l  p re s su re  t h a t  are only v e r y  s l i g h t l y  

too  g r e a t ;  F igure  11 a p p l i e s  to  t h i s  czse.  For t h e  case  of a sandwich having 

a foam ccire, b u c k l i n g . s t r e s s  is closely approximated by Equation 3, page 42. - 

For c e r t a i n  l i m i t i n g  cases ,  t h e  b a s i c a l l y  complex 4x4 determinant  t h a t  

expresses  t h e  buckl ing p res su re  reduces t o  a r e l a % i v e l y  simple equat ion .  

Table  IV no tes  t h e  c r i t i c a l  pressure f o r  v a r i o u s  material combinstions (Ec 

and G R ~ )  and sandwich geometries (to, t i ) .  
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PART 111 - CYLINDER BUCKLING; AXIAL COMPRESSION 

With regard t o  t h e  buckling of sandwich c y l i n d e r s  und r axi  1 load, t h e  

w i l l  be divided i n t o  two c l a s s i f i c a t i o n s :  (1)- a sandwich having a c o r e  
ub jec t  

possessing s u f f i c i e n t l y  high shear modulus and modulus of e l a s t i c i t y  i n  o rde r  to  
prevent wrinkl ing of t h e  s k i n s  and buckling of t h e  i n d i v i d u a l  sandwich w a l l s ;  

and (2) a sandwich having a c o r e  of very low modulus and, t he re fo re ,  behaving 

as two independent cy l inde r s .  

The low-density polyurethane foam cores  a r e  examples of t h i s  second c l a s s i f i -  

c a t i o n .  Rigid and semi-r igid cores f a l l  i n t o  t h e  f i r s t  c l a s s i f i c a t i o n .  

Methods of a n a l y s i s  a r e  presented f o r  t he  two types of sandwich as follows: 

A .  High Modulus Core 

Methods of a n a l y s i s  presented i n  MIL-HDBK-23: P a r t  111 (5 October 1959) apply.  

Sec t ion  4 . 3  of t h i s  r e fe rence  presents  a method of e s t a b l i s h i n g  minimum c o r e  

th i ckness  and core shear  modulus to  prevent o v e r a l l  buckling of t h e  sandwich 

w a l l s .  Furthermore, design c h a r t s  are presented t o  a i d  i n  t h e  determinat ion 

of minimum c o r e  thickness  and modulus. The use of t hese  c h a r t s ,  which a r e  

r a t h e r  extensive,  i s  suggested f o r  design work. 

A curve (Figure 12) i s  included which p r e s e n t s  t h e  buckling stress, Fcr,  as 

a func t ion  of sandwich dimensions, modulus, e t c .  Because of assumptions made 

i n  t h e  des ign  c h a r t s ,  a f i n a l  check using t h i s  curve i s  r equ i r ed  t o  e s t a b i s h  

t r u e  buckling stress. 

I n  t h e  case of a v e r y  long cyl inder ,  buckling as a column should a l s o  be 

checked. 

If t h e  core i s  of a c e l l u l a r  (honeycomb) material, dimpling of t h e  f ac ings  

i n t o  t h e  spacing between cell w a l l s  can occur.  Dimpling of t h e  f ac ings  may 

n o t  lead t o  f a i l u r e  unless  t h e  amplitude of t h e  dimples becomes l a r g e  enough 

t o  cause t h e  buckles t o  grow across co re  c e l l  w a l l s  and r e s u l t  i n  wrinkl ing 

of t h e  f ac ings .  Chapter 5 of MIL-HDBK-23: P a r t  I11 presen t s  equat ions f o r  

determining dimpling s t r e s s  l e v e l .  Figure 13 has been d i r e c t l y  reproduced 

from this source and i s  included as a means of e s t a b l i s h i n g  dimpling stress 
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as a func t ion  of c e l l  s i z e .  Because of t h e  expandable c r i t e r i a  of t h i s  

program, i n t r a c e l l  dimpling should be avoided. 

It should be  noted t h a t  t h e  p robab i l i t y  of i n i t i a l  imperfec t ions  i s  much l e s s  

i n  a more r i g i d  sandwich as cont ras ted  wi th  a low-density sandwich. The 
~ m ~ r r L a ~ L l " u o  does 3-c7 L - - - l  .I;-- ,.&-^-A bL u a*.-.* _c 4 +  is presence Uf 1 C _ - L > - _ _  

no t  expected t o  r e s u l t  i n  anywhere near  t he  reduct ion  t h a t  would be 

experienced i n  a low modulus sandwich having the  same Imperfect ion,  owing t o  

t h e  shear  pa th  between sk ins .  

L U L L U ~ L I L ~  UUL&AJ.LIE P C A S L L ~ L A L .  L A W W S V G L ,  AL 

B. Low Modulus Core 

When a low modulus co re  m a t e r i a l  such a s  polyurethane foam i s  used i n  a sand- 

wich cons t ruc t ion ,  t h e  r e l a t ionsh ips  s e t  f o r t h  i n  MIL-HDBK-23: P a r t  I11 no 

longer  apply. 

c o n t r i b u t i o n  from t h e  core. 

F a i l u r e  occurs i n  t h e  sk ins  wi th  very  l i t t l e  a d d i t i o n a l  s t r e n g t h  

The buckl ing r e l a t l o n s h i p r  found i n  Timorhenko's Theory of E l a s t i c  S t a b i l i t y  

(Second Edi t ion)  f o r  t h i n  c y l i n d r i c a l  s h e l l s  can be assumed t o  apply t o  each 

of the two sandwich sk ins  and t h e  t o t a l  a l lowable compressive load obtained by 

adding t h e  loads c a r r i e d  by each skin. 

The equat ion  below assumes a pe r fec t  c y l i n d r i c a l  sur face .  

E t  

Experiments made by s e v e r a l  researchers  have revealed t h a t  t h e  discrepancy 

between the  a c t u a l  and t h e o r e t i c a l  buckl ing s t r e n g t h s  of t h i n  c y l i n d r i c a l  

s h e l l s  i s  very  l a rge .  

A curve presented i n  Theory of E l a s t i c  S t a b i l i t y  and reproduced on the . -next  

page is  i n d i c a t i v e  of t h e  e f f e c t s  of imperfect ions.  
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6 = I n i t i a l  d e f l e c t i o n  (imperfection) 

f = F a i l u r e  stress 

0.64 

I I I I I 

4 8 12 16 20 
6 / t  - 

As 6 / t  approaches 0, 

Thus, equat ion (b) ag rees  w i t h  equation (a), which assumed a p e r f e c t  su r f ace .  

It can be seen t h a t  t h e  lowest value of buckl ing stress corresponds t o  a 

v a l u e  equal  t o  one-third t h a t  of equation (b). Therefore, t h e  fol lowing 

des ign  equat ion i n  view of t h e  numerous i n i t i a l  s k i n  deformations a s soc ia t ed  

w i t h  a low c o r e  d e n s i t y  sandwich s t r u c t u r e  i s  presented:  

3 E t  If cr) design 5.2 R q s  
F i n a l l y ,  i t  should be mentioned t h a t  t h i s  d i scuss ion  on buckling of c y l i n d e r s  

i s  intended only t o  provide bas i c  design r e l a t i o n s h i p s .  

accomplish t h i s  task,  t h e  foregoing s tudy assumes t h a t  t he  composite materials 

behave as i s o t r o p i c  materials. An exhaust ive t reatment  of t he  s u b j e c t  i s  

beyond t h e  scope of t he  present  study. 

be most informative i n  regard t o  the s p e c i f i c  buckling c h a r a c t e r i s t i c s  

a s s o c i a t e d  wi th  sandwich s t r u c t u r e s .  

I n  order  t o  

A s e r i e s  of compressive tes ts  w i l l  
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